Ergodic vs diffusive decoherence in mesoscopic devices 
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We report on the measurement of phase coherence length in a high mobility two-dimensional 
electron gas patterned in two different geometries, a wire and a ring. The phase coherence length 
is extracted both from the weak localization correction in long wires and from the amplitude of 
the Aharonov-Bohm oscillations in a single ring, in a low temperature regime when decoherence is 
dominated by electronic interactions. We show that these two measurements lead to different phase 
coherence lengths, namely LJ ire oc T _1//3 and L^ ng oc T -1 / 2 . This difference reflects the fact that 
the electrons winding around the ring necessarily explore the whole sample (ergodic trajectories), 
while in a long wire the electrons lose their phase coherence before reaching the edges of the sample 
(diffusive regime). 
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Understanding the mechanisms of decoherence is a ma- 
jor issue in mesoscopic physics, as it limits the exis- 
tence of electronic interference effects [2 , 3 . The exper- 
imental determination of this quantity is thus of crucial 
importance. At relatively high temperature (typically 
above 1 K), the electronic phase coherence is limited by 
electron-phonon collisions [4 . Contrarily, at low temper- 
atures, it is governed by electron-electron interactions: 
the measurement of the phase coherence time r$ (T) thus 
provides an important check of the theoretical models 
concerning these electronic interactions in metals [SJ |6] 
and a probe for studying the fundamental question of 
the interplay between interaction and disorder. 

As it is well-known that in diffusive conductors the 
temperature dependence t$ (T) depends on space dimen- 
sionality <i, it has long been assumed that it depends only 
on d. However, it turns out that the situation is richer 
in quasi-one-dimensional systems (d = 1), where deco- 
herence results mostly from processus involving small en- 
ergy exchange between electrons, therefore implying long 
length scales. Indeed it has been shown in a pionnering 
work [T that in this case, the decoherence mechanism 
can be seen as the result of the interaction between one 
electron and the fluctuating electric field due to other 
electrons; the random phase accumulated by an electron 
along its diffusive trajectory increases with time with 
a characteristic time r^ ire (T) oc T -2 / 3 . Implicitly this 
analysis is valid for infinite quasi- ID wire where diffu- 
sion is not limited in space. It has successfully explained 
many experiments on quasi- ID metallic or semiconduct- 
ing wires. 

In contrast, in a wire of finite length L, long diffu- 
sive trajectories are obviously limited at this length scale 



L, what must necessarily affect the decoherence mecha- 
nism. This so-called ergodic regime is reached when the 
diffusion occurs over times longer than the Thouless time 
td = L 2 /D, where D is the diffusion coefficient. The er- 
godic regime has never been explored experimentally in 
diffusive wires. One reason is that a transport experi- 
ment implies connecting the device to external contacts, 
therefore it is hardly possible to investigate this ergodic 
regime in a mesoscopic wire. 

An alternative and appropriate device consists in a ring 
in which the study of quantum oscillations in a magnetic 
field naturally provides a selection mechanism between 
diffusive and ergodic trajectories, because the harmonics 
of the oscillations necessarily involve winding (and there- 
fore ergodic) trajectories. Several works [5HT2] have pre- 
dicted that the temperature dependence of the phase co- 
herence time obtained from magnetoconductance (MC) 
oscillations behaves as r^ mg (T) ex T _1 in contrast with 
the result for an infinite wire. The present work consti- 
tutes the first experimental evidence for such behavior in 
a single ring. 

More precisely, the goal of this paper is to pro- 
vide, through magnetotransport measurements, a de- 
tailed comparison of the phase coherence time measured 
in two different geometries, namely an infinitely long 
wire and a ring. In a long wire, interferences between 
time-reversed electronic trajectories give rise to the weak- 
localization (WL) correction to the average conductance. 
Its magnetic field dependence provides a measure of the 
phase coherence length Lf re = ^Dr^ ire [3 [13]. In a 
single ring, the magnetic field reveals the sample spe- 
cific interference pattern: it modulates the phase dif- 
ference between electron paths in each arm, leading to 
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the so-called Aharonov-Bohm (AB) [14] periodic oscilla- 
tions of the conductance [15]. The amplitude of the AB 
oscillations, averaged over an appropriate range of mag- 
netic field, is controlled by the phase coherence length 



Dr™ g . In this article we present for the first 
time a quantitative analysis of the temperature depen- 
dence of L™ g extracted from AB oscillations of a single 
weakly disordered ring. Our experimental analysis shows 
that the two phase coherence lengths L^ ng and L™ e 
present two different temperature dependences, thus con- 
firming the importance of the diffusive vs ergodic nature 
of the electronic trajectories [16]. 

Samples have been fabricated from high mobility 
GaAs/AlGaAs heterostructures. These systems are in- 
trinsically clean of magnetic impurities [6] and thus pro- 
vide a large phase coherence length only limited by elec- 
tronic interactions at low temperature [18 . Using elec- 
tron beam lithography on polymethylmethacrylate resist 
and shallow etching, we have patterned mesoscopic rings 
and arrays of wires in the two-dimensional electron gas 
(2DEG). In addition, a Hall bar allows the determination 
of the characteristics of the 2DEG: the electron density is 
n e = 1.56 -10 11 cm -2 , the mobility /i e = 3.1 -10 5 cm 2 /V -s 
and the elastic mean free path £^ BEG ^ = 2.13 /im, lead- 
ing to a diffusion coefficient £)( 2DEG ) = 1700 cm 2 /s. 

Rings have a perimeter L = 13.6 /im, a lithographic 
width w™h = 740 nm, and are connected to large reser- 
voirs, as presented in the inset of Fig.[2]-b. Arrays of wires 
are composed of 20 wires in parallel (in order to suppress 
conductance fluctuations) of width w™j.™ = 800 nm and 
length L = 150 jim. Note that due to depletion effects, 
the real widths w ring and w wire are somehow smaller : it 
was shown in Ref. [18 for similar samples that depletion 
length is ~ 190 nm leading to w wire ~ w ring ~ 400 nm. 
Analysis of the MC of the wires shows that the mean free 
path is close to the one of the 2DEG: t e ~ ^e 2DEG ^ In 
the two geometries, we thus probe the diffusive quasi ID 
regime (L$ ^> £ e , w). 

MC measurements are performed on the ring and 
the wires simultaneously, using a standard ac lock-in 
technique and a home made ultra low noise amplifier 
(OAnV/VHz) at room temperature. 

We sweep the magnetic field perpendicularly to the 
sample on a span of ±50 G around zero-field. The con- 
ductance of the arrays of wires increases with magnetic 
field as expected, due to the suppression of the weak- 
localization correction. We then fit the MC with the 
well-known expression [3] [13] : 
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where w* is an effective width accounting for flux can- 
cellation effect (for a wire : w* = w if £ e <C w [13] and 
w* ~ Wy/wji e if £ e ^> w [19]). As shown on the inset 
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FIG. 1. Phase coherence length LJ ire as a function of temper- 
ature, extracted from weak- localization measurements. The 
solid line shows the theoretical fit to eq. |2|, using = 2/3. 
Inset: magnetoconductance of the wires measured at several 
temperatures. Dashed lines represent the fits to eq. |l]). 

of Fig. [I] we can extract L^ ire at several temperatures 
ranging from 52 mK to 1 K. The resulting temperature- 
dependence of L^ ire is displayed on Fig. nj In this tem- 
perature range, decoherence is dominated by electronic 
interactions, and the phase coherence length is given for 
quasi ID diffusive samples by [18 : 
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where, for a wire, = 2/3 and the factor a is theoret- 
ically given by D/a theo = 2(m*w wire D 2 /7rk B ) 2/S with 
ks the Boltzmann constant and m* the effective mass of 
the electrons, whereas the adjustable parameter b takes 
into account interactions involving high energy trans- 
fers [3 [18] [20] [22]. As shown on Fig. [TJ Lf re (T) is well 
described by Eq. (J2|, setting a exp as a fitting parameter. 
A quantitative comparison of a exp and a t heo for similar 
wires has been provided in Ref. [18] and has shown that 
the analysis of the WL leads to a reliable determination 
of L^ ire ; we will not elaborate more on this point since 
the present analysis does not rely on it. 

The magnetoconductance measured in the ring 
presents periodic oscillations. After substraction of a 
smooth background component, we obtain the charac- 
teristic Aharonov-Bohm oscillations shown on Fig. [2]-a. 
These oscillations are ^o-periodic with the magnetic flux, 
where $0 = h/e. This corresponds to a field periodicity 
£?o = $0/(^0) w ^ n r o the mean radius of the ring. A 
Fourier Transform of the signal is then performed using 
a rectangular window; this is presented on Fig. [2]-b. A 
clear peak around Bo = 2.7 G appears in the spectrum. 
From this value, we can extract ro = 2.17 /im, in excellent 
agreement with the lithographic radius ro = 2.13 /im. 

In the following, we detail the procedure used to ex- 
tract the amplitude of the AB oscillations. As the width 
of the arms of the ring is finite, all electron trajectories 
lying between the inner radius r\ and the outer radius T2 
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FIG. 2. (a): Magnetoconductance 5G of the ring measured 
at 55 mK, after substraction of a smooth background signal, 
(b): Fourier Transform 5G of the signal showing the <J>o = h/e 
periodicity at Bo (dotted line). The width of the main peak is 
represented by the dashed lines and corresponds to the values 
1/-Bi,2 for the inner and outer 7*1,2 radii of the ring. Inset: 
Scanning Electron Microscope image of the ring. 



of the ring can participate to the oscillations. In addi- 
tion, due to depletion inherent to the fabrication process 
(etching), the inner and outer radii are not the litho- 
graphic ones and the effective width of the arms of the 
ring w ring is smaller than w™^ Q . We observe a broadening 
of the Fourier peak between I/B2 and 1/Bi (dashed lines 
in Fig. pib) corresponding to B\ = <&o/(-Kr\) and B2 = 
$0/(7^2) • From these results, we can extract the effec- 
tive width w ring = 7*2 — ri = 360 nm; it corresponds to a 
depletion length of 190 nm, in accordance with the value 
reported elsewhere using another method on similar sam- 
ples [18] . The conductance oscillations are Fourier trans- 
formed over a window [—50 G, +50 G) (larger than the 
correlation field estimated to be B c ~ 8 G). We clearly 
identify a peak corresponding to the AB ^-periodic os- 
cillations (Fig. [2|: in this case the AB amplitude is given 
by integrating this peak as SG\ B oc f peakh / e dK SG(K) 2 
where SG(K) is the Fourier transform plotted in Figji^b). 
Theoretically, we expect that, for L^ ng <C L, SG ab de- 



pends on Z^ ng as [15] 



£Gab — C ■ 




-L/2L^ 



(3) 



where Lt = yfoD /ksT is the thermal length, L the 
perimeter of the ring and C a constant of order 1. The 
exponent 7/ depends on the nature of the contacts. If the 
ring is isolated it is equal to 7/ = 1/3 [9} fTOl [23]. We 
now justify that this value is appropriate in our samples. 
The 2D large contacts are connected to the ring through 
relatively narrow constrictions of width of the same order 
than w ring . Because the motion is ballistic at the scale of 
the contact (since £ e > 7u rmg ), forward scattering should 
be favored for an electron winding inside the ring, i.e. the 
probability to exit should be diminished, compared to the 
diffusive contact with £ e <C w ring . Note however that the 
value of 77 will not affect strongly the fitting procedure 
for £™ g . 

From the experimental data we can extract the phase 
coherence length in the ring L^ ng as a function of tem- 
perature. Note that Eq. ([3| is strictly valid only in the 
regime where L$ < 7rro, the length of one arm of the 
ring. Indeed, in the opposite case L$ > 7rro, electrons 
may explore the contacts with a high probability, what 
affects the decoherence and strongly modifies the In- 
dependence of the AB amplitude [10] [23] [24] : for this 
reason, our analysis only holds above T ~ 300 mK. 
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FIG. 3. Phase coherence lengths obtained in a wire, LJ ire , 
and in a ring, L^ ng , as a function of temperature. The dashed 
lines show the theoretical fit obtained with eq. |2]). 

A direct comparison between L^ ire (T) and L™ g (T) 
is presented on Fig. [3] We observe that the two phase 
coherence lengths differ both in absolute value and in 
temperature dependence. By fitting the data we obtain 

L wire ^ T -0.33±0.01 for the wire and ^nng ^ T -0.49±0.09 



for the ring [25 , 26 . These exponents are in perfect agree- 
ment with the theoretical predictions L™ e oc T -1 / 3 [7] 
and L^ ng oc [SHE]. 

We now recall simple arguments to understand the dif- 
ferent exponents [8 -10] [17]. In Ref. [7], it is argued that 
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decoherence results from the randomization of the phase 
of a given electron by the fluctuating electric field cre- 
ated by other electrons. Within this picture an elec- 
tron receives a phase ~ J Q dr V(r) from the elec- 
tric potential whose fluctuations are characterized by 
the fluctuation-dissipation theorem J dr(V(r)V(0)} ~ 
e 2 T1Z t , where 1Z t is the resistance of the part of the 
sample probed by the electron during a time scale t. 
It can be written !Z t ~ x(t)/sao, where s is the sec- 
tion of the wire, <jq the Drude conductivity and x(t) 
the distance covered by the electron. The electronic 
phase presents a behaviour with time given by (&(t) 2 ) ~ 
f*dr f &r' {V(t)V(t')) ~ e 2 Ttx(t)/sa . In a long 
wire, the motion is of diffusive nature, x(t) ~ \[Dt lead- 
ing to the phase diffusion ($(t) 2 } ~ e 2 T t 3 / 2 VD/sa . 
We extract the relevant time scale by writing (&(t) 2 ) ~ 
(t/r^ ire ) 3 / 2 with r^ ire ex T -2 / 3 . In a ring, the wind- 
ing trajectories are ergodic and the length x(t) is sim- 
ply the size of the system; we thus obtain the behaviour 
($(£) 2 ) - e 2 TtL/sa ~ t/r^ ing , leading to the time scale 
r™ g oc T _1 . We may write the relation between the two 
times as r£ ng ~ (r™ 3 ) 3 / 2 /^) 1 ^ where r D = L 2 /D is 
the Thouless time. The precise dimensionless factor has 
been obtained by a careful analysis of the MC curve in 
Refs. [91 HUl [171 [23]: 

o9/4 / rwire^3/2 

^ = —%7^ (4) 

where L$> = ^/D^. On Fig. ^ we check that L^ ng (T) 
and L^ ire (T) extracted from the experiment obey rela- 
tion Q with a very good accuracy. The experimental 
verification of this relation definitely proves that the two 
temperature dependences of L$(T) for the wire and for 
the ring emerges from the same mechanism described in 
a coherent picture [8HTU]. 
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FIG. 4. Experimental test of Eq.Q, from the phase coher- 
ence lengths extracted from AB oscillations of the ring and 
WL of the wire. The dotted line correspond to 2 9//4 /7r ~ 
1.514. 

Finally we comment on an issue which has been de- 
bated in the past [9j [27] : for a given geometry, are 



the phase coherence length obtained from weak local- 
ization (WL) and conductance fluctuations (CF) identi- 
cal ? In Ref. [17 , the measurement of the WL of a large 
array of rings has led to L^ ng ' oc T -1 / 2 . This corre- 
sponds quantitatively to L^ ng ' CF oc T -1 / 2 obtained here. 
These two measurements therefore give the first experi- 
mental demonstration that the phase coherence lengths 
extracted from WL and CF are indeed the same [28] . 

In conclusion, we have measured the phase coherence 
length L$ in samples etched in 2DEG of two different ge- 
ometries by analyzing quantum corrections to the mag- 
net oconductance. We have been able to extract for the 
first time the temperature dependence of the phase co- 
herence length from the AB harmonics of a single dif- 
fusive ring. The phase coherence length obtained from 
this method presents the behaviour L^ ng oc T -1 / 2 differ- 
ent from the one obtained from the MC of a long wire, 
LJ ire oc T -1 / 3 . This demonstration of the geometrical 
sensitivity of the decoherence process by electronic inter- 
actions emphasizes the very precise understanding of the 
role of electronic interactions on low temperature phase 
coherent properties of metals. In the present work, we 
have been able to investigate ergodic trajectories in a non 
ergodic temperature regime, T > l/r$ > 1/td, thanks to 
the selection of winding trajectories by the magnetic field. 
An experimental exploration of lower temperature is still 
desired: when t$ > td, quantum interferences involve 
large scale properties which affect the decoherence pro- 
cess [10] . The investigation of the 0D regime [TTJ [12j [31] , 
1/T > T£>, still remains a challenging issue. 
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